Although immune checkpoint inhibitors have resulted in durable clinical benefits in a subset of patients with advanced cancer, some patients who did not respond to initial anti-PD-1 therapy have been found to benefit from the addition of salvage chemotherapy. However, the mechanism responsible for the successful chemoimmunotherapy is not completely understood. Here we show that a subset of circulating CD8 + T cells expressing the chemokine receptor CX3CR1 are able to withstand the toxicity of chemotherapy and are increased in patients with metastatic melanoma who responded to chemoimmunotherapy (paclitaxel and carboplatin plus PD-1 blockade). These CX3CR1 + CD8 + T cells have effector memory phenotypes and the ability to efflux chemotherapy drugs via the ABCB1 transporter. In line with clinical observation, our preclinical models identified an optimal sequencing of chemoimmunotherapy that resulted in an increase of CX3CR1 + CD8 + T cells. Taken together, we found a subset of PD-1 therapy-responsive CD8 + T cells that were capable of withstanding chemotherapy and executing tumor rejection with their unique abilities of drug efflux (ABCB1), cytolytic activity (granzyme B and perforin), and migration to and retention (CX3CR1 and CD11a) at tumor sites. Future strategies to monitor and increase the frequency of CX3CR1 + CD8 + T cells may help to design effective chemoimmunotherapy to overcome cancer resistance to immune checkpoint blockade therapy.
Introduction
Considering that most patients will not show major durable responses to immunotherapy, management after PD-1 blockade failure remains a pressing challenge in the clinic (1) . A substantial effort is currently underway to fully elucidate the mechanisms by which these immune checkpoint inhibitors exert their efficacy and to further explore the potential synergy of combination therapies in order to overcome low clinical efficacy or acquired resistance to anti-PD-1/PD-L1 (anti-PD-1/L1) monotherapy. Combination strategies (e.g., with chemotherapy) have been tested in clinical practice after disease progression on anti-PD-1 therapy. For patients with non-small cell lung cancer (NSCLC), combinations of chemotherapy with PD-1 and PD-L1 inhibitors have shown promising antitumor activities and a manageable, nonoverlapping toxicity profile (2) . Recently, it has been shown that the addition of pembrolizumab to carboplatin and pemetrexed improves efficacy and has a favorable risk profile in patients with chemotherapy-naive metastatic NSCLC (3) . In metastatic melanoma patients who received anti-PD-1 therapy (pembrolizumab), we found that approximately 26% demonstrated an objective response to subsequent chemotherapy (including carboplatin and paclitaxel [CP] ) compared with a lower response rate in chemotherapy-only historic controls (4, 5) . Similar findings have been reported in NSCLC (6, 7) . However, the mechanism responsible for these successful clinical outcomes of chemoimmunotherapy (CIT) is not completely understood.
The antitumor effects of chemotherapy are achieved mainly through direct killing of cancer cells via various mechanisms. The immune-regulatory effects of chemotherapy also contribute to its antitumor activities.
Although immune checkpoint inhibitors have resulted in durable clinical benefits in a subset of patients with advanced cancer, some patients who did not respond to initial anti-PD-1 therapy have been found to benefit from the addition of salvage chemotherapy. However, the mechanism responsible for the successful chemoimmunotherapy is not completely understood. Here we show that a subset of circulating CD8 + T cells expressing the chemokine receptor CX3CR1 are able to withstand the toxicity of chemotherapy and are increased in patients with metastatic melanoma who responded to chemoimmunotherapy (paclitaxel and carboplatin plus PD-1 blockade). These CX3CR1 + CD8
+ T cells have effector memory phenotypes and the ability to efflux chemotherapy drugs via the ABCB1 transporter. In line with clinical observation, our preclinical models identified an optimal sequencing of chemoimmunotherapy that resulted in an increase of CX3CR1 + CD8 + T cells. Taken together, we found a subset of PD-1 therapy-responsive CD8 + T cells that were capable of withstanding chemotherapy and executing tumor rejection with their unique abilities of drug efflux (ABCB1), cytolytic activity (granzyme B and perforin), and migration to and retention (CX3CR1 and CD11a) at tumor sites. Future strategies to monitor and increase the frequency of CX3CR1 + CD8 + T cells may help to design effective chemoimmunotherapy to overcome cancer resistance to immune checkpoint blockade therapy.
For example, tumor antigens released upon chemotherapy-induced immunogenic cell death can enhance cytotoxic T cell responses, thereby improving immunotherapy outcomes (8) . On the other hand, chemotherapy-induced lymphopenia augments antitumor immunity by potentiating antigen-specific T cell responses, particularly during the recovery phase from lymphopenia (9) (10) (11) . The antitumor effects of conventional cancer chemotherapy may also result from its ability to disrupt immune suppressive pathways, such as depletion of Tregs (12, 13) and other immunosuppressive cell populations (e.g., myeloid-derived suppressor cells), elimination of endogenous cytokine sinks for homeostatic cytokines, and enhanced proliferation of effector or memory T cells (10, 14) . Although chemotherapeutic agents promote antitumor immunity through induction of immunogenic cell death in tumors and depletion of other immunosuppressor cells (15, 16) , the impact of chemotherapy drugs on the function of PD-1 therapy-responsive T cells is largely unknown. Since these T cells are the main mediators of the antitumor activity of immune checkpoint inhibitors (17) (18) (19) , it is critical to understand how tumor-reactive T cells respond to CIT in order to develop a rational CIT protocol to overcome tumor resistance to anti-PD-1 monotherapy.
We have been developing markers to identify human tumor-reactive T cells (19) and to monitor T cell responses to anti-PD-1 therapy in melanoma patients (20) . In this report, we found that CX3CR1 + CD8 + T cells represent a subset of PD-1 therapy-responsive CD8 + T cells that exhibits an effector memory phenotype and withstands chemotherapy in cancer patients who are responsive to CIT. Thus, our results provide new insights to T cell responses to CIT in cancer patients.
Results
Patients who have failed PD-1 blockade benefit from CIT. A large fraction of cancer patients (60%-70%) who receive PD-1 blockade alone are resistant to PD-1 therapy or experience subsequent disease progression (21) (22) (23) ; however, some of them benefit from late-line or salvage treatment with conventional chemotherapy. Ever since the safety and efficacy profile of CIT have been demonstrated in NSCLC patients (2, 3), we have treated a number of patients who have evidence of disease progression on initial PD-1 blockade monotherapy with subsequent chemotherapy, in addition to continuing anti-PD-1 antibody beyond progression (4). To minimize toxicities, a short course of chemotherapy (2-6 cycles) was combined with anti-PD-1 therapy, which was maintained thereafter. Among 22 patients who did not respond to anti-PD-1 monotherapy and received subsequent addition of CP, a complete response rate of 23% was observed at a median follow-up of 3.9 years, according to the Response Evaluation Criteria in Solid Tumors (RECIST) criteria (Y. Yan, R.S. Dronca, and H. Dong, unpublished clinical observations).
CX3CR1 expression increased in PD-1 therapy-responsive CD8 + T cells in the peripheral blood of metastatic melanoma patients receiving CIT. The clinical success of subsequent CIT in patients who did not respond to initial anti-PD-1 monotherapy prompted us to seek predictive biomarkers to select potential responders in order to increase the efficacy of CIT. First, we examined which subsets of CD8 + T cells in the peripheral blood of cancer patients would be responsive to anti-PD-1 monotherapy. Secondly, we examined whether this responsive T cell population would be preserved during chemotherapy and still retain responsiveness to PD-1 blockade. To that end, we performed RNA sequencing (RNA-seq) analysis of CD11a hi CD8 + T cells isolated and sorted from patients' peripheral blood, a population containing enriched tumor-reactive T cells (19) , and compared gene transcription between responders and nonresponders prior to (baseline) and after (upon first disease response assessment, i.e., 3 months later) PD-1 therapy. At baseline, we found CX3CR1 as one of the top genes that showed higher expression (ratio >1.5) in responders compared with nonresponders ( Figure 1A ). Of note, there was overrepresentation of TCRβ V29-1 among CD11a hi PD-1 + CD8 + T cells in responders prior to PD-1 therapy, suggesting that there might be a monoclonal expansion of tumor-reactive T cells that would eventually be responsive to anti-PD-1 therapy.
We then compared the gene expression in CD11a hi CD8 + T cells isolated and sorted from the peripheral blood of responders and nonresponders 3 months after anti-PD-1 treatment. As shown in Figure 1B , the responders harbored more effector memory CD8 + T cells than nonresponders based on their higher (>2-fold change) expression of CX3CR1, CD122 (IL-2Rβ chain), KLRG1 (effector differentiation marker), perforin, and granzyme B (effector molecules). However, IFN-γ expression was unexpectedly increased in CD8 + T cells of nonresponders rather than in responders. Despite its role in antitumor activity, IFN-γ plays a role in inducing apoptosis of effector cells and limiting memory cell generation (24) (25) (26) . In line with these observations, our results warrant further scrutiny of the role of IFN-γ expressed by tumor-reactive T cells in response to anti-PD-1 therapy. Interestingly, a recent report found increased levels of IFN-γ in the plasma of nonresponders to PD-1 therapy (27) . Although we performed RNA-seq analysis on a different cohort of patients ( Figure 1B) , the increase of CX3CR1 expression was consistent with what we found at baseline ( Figure 1A ). Interestingly, we observed overrepresentation of TCRVα5 and TCRVβ4-2 among CD11a hi CD8 + T cells in responders after PD-1 therapy, suggesting that anti-PD-1 therapy promoted an oligoclonal expansion of tumor-reactive T cells.
To confirm whether CX3CR1 + CD8 + T cells are the cellular targets of anti-PD-1 therapy, we measured and compared the expression of PD-1 among CX3CR1 + or CX3CR1 -CD8 + T cells. As shown in Figure 1C , PD-1 was mainly expressed by CX3CR1 + CD8 + T cells rather than CX3CR1 -CD8 + T cells. Since CX3CR1 and granzyme B have been used to identify human effector memory CD8 + T cells during viral infections (28), we tested whether CX3CR1 + Granzyme B + cells can be used to identify a subset of CD8 + T cells in the peripheral blood of cancer patients in response to anti-PD-1 immunotherapy. We found the frequency of CX3CR1 + Granzyme B + cells increased in responders compared with nonresponders after anti-PD-1 treatment but not at the baseline (prior to PD-1 therapy) ( Figure  1D ). In resected metastatic melanoma tissue biopsies obtained prior to PD-1 therapy, we identified CX3CR1 + Granzyme B + (double-positive; DP) cells that were infiltrating tumor tissues ( Figure 1E ). Interestingly, CX3CR1
+ Granzyme B + cells appeared in a blood vessel within the tumor tissue, suggest- 
CD8
+ T cells (nonefflux cells) ( Figure 3C ). Since ABC-superfamily multidrug efflux proteins have been previously shown to contribute to chemoresistance in malignant + T cells incubated with (G) or without (H) chemotherapy drug (carboplatin and paclitaxel). CD8 + T cells were activated with anti-CD3/CD28 beads for 24 hours in the presence of DMSO (control) or PGP4008 (10 μM). The CTL function was measured for CD107a expression and IFN-γ production at the end of culture. The data of C-D and F-H were analyzed by Mann-Whitney U test, 2-tailed (*P < 0.05; **P < 0.01, n = 5-7). + T cells for drug efflux. To determine the role of ABCB1 in T cell drug efflux, we examined whether the efflux of Dox could be blocked by PGP4008, a specific ABCB1 transporter inhibitor (31, 32) . The results of Figure 3E show that PGP4008 at doses of 5-10 μM significantly suppressed the efflux of Dox by CX3CR1 + CD8 + T cells. Accordingly, the addition of PGP4008 increased the apoptosis of CX3CR1 + CD8 + T cells in culture ( Figure 3F ), suggesting that ABCB1 contributes to the survival of T cells during chemotherapy.
Since the pharmacodynamics of Dox may not exactly reflect the efflux of CP and these drugs cannot be directly tracked due to their lack of fluorescent capability, we examined the impact of the drug transporter inhibitor on the function of T cells in the presence of CP. We hypothesized that drug transporter inhibition would dampen T cell function due to the reduced ability of T cells in CP efflux. We incubated the ABCB1 transporter inhibitor (PGP4008) with resting or activated human primary CD8 + T cells in vitro in the presence of CP. T cell function was measured by their degranulation (CD107a expression) and intracellular IFN-γ production. + T cells reflects the therapeutic effects of CIT, we designed 2 schedules of CIT according to the 2 phases of T cell responses to tumors in an animal model (19, 33) . In this model, the frequency of tumor-antigen-specific effector CD8 + T cells peaked at days 10-14 (after tumor inoculation) within tumor tissues (19, 33) . According to the kinetics of T cell responses within tumors, we defined the expansion phase (days 7-9) and effector phase (days 10-14) of antitumor responses. Anti-PD-1/L1 therapy was given to cover the expansion and effector phases according to the dynamic expression of PD-1 (33). CP Chemotherapy was given at either phase in order to evaluate its impact on T cell responses ( Figure 4A ). We found that the addition of CP on day 10 (effector phase), but not on day 7 (expansion phase), significantly suppressed the tumor growth of B16F10 mouse melanoma in combination with anti-PD-1/L1 therapy ( Figure 4B ), and it prolonged the survival of treated mice ( Figure 4C) . Accordingly, the frequency of CX3CR1 + Granzyme B + CD8 + effector T cells had the highest increase in the group treated with CP plus anti-PD-1/L1 on day 10 compared with groups treated with either CP alone or with anti-PD-1/L1 on day 7 ( Figure 4D ). Of note, the frequency of CX3CR1 + Granzyme B + CD8 + T cells was higher in mice treated with CP on day 10 than on day 7, even without combination with anti-PD/L1 ( Figure 4D ), suggesting that the timing of chemotherapy is critical in the success of CIT. In line with PD-1 blockade prior to chemotherapy, the tumor growth in PD-1-KO mice was also significantly suppressed by CP chemotherapy compared with WT mice ( Figure 4E ). Taken together, our results suggest that PD-1 blockade prior to chemotherapy may sensitize tumors to CIT.
CX3CR1 is required for CD8 + CTL to reject tumors during CIT. Since CX3CR1 is a chemokine receptor that is critical for T cell accumulation at tumor sites (34), we examined whether CX3CR1 expression is required to mediate antitumor activity. We grew tumor cells in CX3CR1-KO mice, followed by treatment of CIT (day 10 CP plus anti-PD-1/L1). In contrast to WT mice, CIT did not suppress tumor growth in CX3CR1-KO mice (Figure 5, A and B) . In addition, the frequency of CD107a
+ effector T cells within tumors significantly decreased in CX3CR1-KO mice compared with WT mice ( Figure 5C ). To address whether the CD8 + T cells specially require CX3CR1 to mediate antitumor function, we performed adoptive transfer of activated OT-1 CD8 + T cells for the treatment of a B16-OVA tumor model. We found that the transfer of CX3CR1 + , but not CX3CR1 -, CD8 + T cells significantly suppressed tumor growth ( Figure 5D ), suggesting that CX3CR1 expression is critical for CD8 + CTL to mediate tumor rejection. To further examine the role of CX3CR1 in CD8 + T cells, we compared the gene transcriptome between WT and CX3CR1-KO CD8 + T cells at resting or activated stages. As shown in Figure 5E , 3 genes (bmf, ccr5, and mr1) consistently increased in CX3CR1-KO CD8 + T cells, regardless of their activation status. Among them, the bmf gene codes a protein (Bcl-2 modifying factor) that functions as an apoptotic activator (35) . In addition, CCR5 has been reported to induce T cell apoptosis (36, 37) . Thus, CX3CR1 expression may help CD8 + T cells to survive through suppressing the transcription of apoptotic molecules (bmf and ccr5). Taken together, our results indicate that CX3CR1 is required for CD8 + T cells to reject tumors, as CX3CR1 may help T cell migration and survival at tumor sites.
Discussion
Our studies show that CX3CR1 identifies a subset of PD-1 therapy-responsive CD8 + T cells that withstands chemotherapy and expands after CIT. CX3CR1
+ T cells demonstrated an effector memory phenotype and may eventually execute tumor rejection due to their abilities of drug efflux (ABCB1 transporter), cytolytic activity (granzyme B and perforin), and migration to and retention (CX3CR1 and CD11a) at tumor sites.
The selection of CX3CR1 as a potential marker to identify a subset of PD-1 therapy-responsive CD8 + T cells is of particular importance. CX3CR1 is a receptor of the chemokine CX3CL1 (fractalkine) (38) . CX3CR1 correlates with the degree of effector CD8 + T cell differentiation, and CX3CR1 + cells are the predominant memory T cells surveying peripheral tissues (39) . In addition, CX3CR1 + CD8 + T cells define the terminally differentiated cytotoxic effector cells ready to infiltrate inflamed tissues (39, 40) . The high expression of CX3CL1 within tumor tissues leads to tumor rejection due to the increased attraction and retention of antitumor innate immune cells and T cells (34, (41) (42) (43) (44) (45) (46) . Since CD8 + T cells need CX3CR1 to migrate and retain at tumor sites (34, 41) (Figure 5 ), CX3CR1 expression may help us identify potential tumor-attacking T cells in the peripheral blood. We found PD-1 expression was higher in CX3CR1 + CD8 + T cells ( Figure 1C Figure 1E ) suggests that tumor biopsies are also valuable to further define the functions of this T cell subset in regards to the clinical response to CIT. It is interesting that chemotherapy given to patients after anti-PD-1 therapy demonstrated clinical success when neither anti-PD-1 nor chemotherapy alone cause tumor regression (2, 3, 7) . However, many have accepted that chemotherapy given before immunotherapy would work better than when given after immunotherapy for several reasons. One reason is that chemotherapy causes immunogenic tumor death that improves T cell priming (16) . Another reason is that T cell toxicity is avoided when chemotherapy is given before immunotherapy because proliferating T cells that expand after immunotherapy are more sensitive to cytotoxic drugs. Unexpectedly, studies -including ours -show that chemotherapy after immunotherapy also achieves clinical responses in both lung cancer and melanoma (2, 3, 6, 7) . We hereby reported a new mechanism that can explain the promising clinical outcomes of CIT. We demonstrated that CX3CR1 + CD8 + T cells can withstand the toxicity of chemotherapy and preserve their CTL function (Figure 2 ). One reason is that CX3CR1 identifies effector CD8 + T cells that are not actively proliferating during CIT ( Figure 2E ) (28) , as most chemotherapy reagents are cytotoxic to proliferating cells, including normal cells. Another reason is that CX3CR1 + CD8 + T cells are capable of drug efflux (Figure 3) . CX3CR1 + CD8 + T cells express ABCB1 (Figure 3 ), a member of the ABC superfamily of drug transporters (30) . Inhibition of ABCB1 not only blocked drug efflux of CX3CR1 + CD8 + T cells, but also increased the apoptosis of CX3CR1 + CD8 + T cells in the presence of chemotherapy reagents (Figure 3) . In addition, CX3CR1 may help T cell survival by suppressing the transcription of the apoptotic molecule bmf ( Figure 5E ). Similar prosurvival function of CX3CR1 has been reported in nonimmune cells through the PI3K/AKT/ERK pathway (48, 49) . Future studies will be directed to define whether bmf expression is regulated by the ERK pathway (35) + T cells within tumor tissues (Figure 4) . The requirement of CX3CR1 in antitumor activity was confirmed by 2 in vivo experiments that we performed. First, we found that CX3CR1-KO mice did not respond to CIT and had a reduced frequency of functional CD8 + CTLs within tumors ( Figure 5 ). Our results are in agreement with a previous study reporting a defective antitumor response in CX3CR1-KO mice that have defects in production of IFN-γ by immune cells (42) . Second, we found the transfer of CX3CR1 + T cells can predict clinical responses to CIT after initial anti-PD-1 therapy failure. However, this important question will be addressed and evaluated in our future studies, which will recruit more patients who receive CIT as a treatment for advanced melanoma and lung cancer. Of note, although our studies focused on paclitaxel and carboplatin, since not all chemotherapy drugs work through the same mechanisms, stratification by treatment is warranted to evaluate the benefit of immunotherapy combined with specific chemotherapy drugs in the context of their unique impact on antitumor immune responses.
In summary, our study provides insights into the cellular mechanisms responsible for the success of CIT in cancer patients who do not respond to initial anti-PD-1 therapy. Our study suggests that strategies to monitor and increase the frequency of CX3CR1 + CD8 + T cells may help to design effective CIT to overcome cancer resistance to immune checkpoint blockade therapy.
Methods
Patient information. Peripheral blood and tissue samples for this study were collected after written consents were obtained. Clinical course, treatment information, and outcomes in patients with metastatic melanoma who did not respond to anti-PD-1 single agent therapy were retrospectively collected. Patients who failed initial PD-1 therapy were subsequently treated with salvage CP paclitaxel and carboplatin combination in addition to PD-1 blockade, regardless of BRAF mutant status. Response to treatment was evaluated according to standard clinical practice guidelines using RECIST criteria.
Flow analysis of human T cells isolated from peripheral blood. Peripheral blood mononuclear cell (PBMC) samples were collected from healthy donors or patients with melanoma at Mayo Clinic. Antibodies for CD45 (clone HI30, catalog 304006), CD3 (clone OKT3, catalog 317344), CX3CR1 (clone 2A9-1, catalog 341616), CD11a (clone HI111, catalog 301212), and PD-1 (clone EH12.2H7, catalog 329904) were purchased from BioLegend; CD8 (clone RPA-T8, catalog 557746) antibody was purchased from BD Biosciences; anti-human granzyme B (clone GB11, catalog NBP1-50071PCP) was purchased from Novus; and Ki67(clone B56, catalog 562899) antibody was purchased from BD Biosciences. CD8 + T cells were first stained for surface markers (including CX3CR1) followed by intracellular staining for granzyme B. To initiate CTL function, cells were briefly stimulated with PMA and ionomycin (MilliporeSigma) for 5 hours in the presence of anti-CD107a antibody (clone H4A3, catalog 328642, BioLegend) followed by intracellular staining of anti-IFN-γ antibody (clone 4S.B3, catalog 502509, BioLegend). Flow cytometry analysis was performed using FlowJo software (Tree Star Inc.).
RNA-seq and bioinformatics assay. Total RNA was extracted with RNeasy Mini kit (Qiagen) and checked for quality by Bioanalizer (RNA 6000 Pico kit; Agilent Technologies, Inc.). A total of 1 ng RNA was used to generate double-stranded cDNA using the SMARTer Ultra Low RNA kit from Illumina. For RNA-seq library construction, 250 pg of cDNAs were used to construct indexed libraries using Nextera XT DNA Sample Preparation kit (Illumina). Full-length double-stranded cDNA and the libraries were quantified by Bioanalyzer (High Sensitivity DNA analysis kit, Agilent) and Qubit (dsDNA BR Assay kits, Invitrogen). The libraries were sequenced using the 101 base paired-end protocol on Illumina HiSeq 2000. FASTQ formatted raw files from each sample were mapped and aligned to reference hg19.
The MAP-RSeq workflow for mRNA began with raw FASTQ reads and aligned them using TopHat2 to the relevant genome. The BAM files thus obtained were passed through other tools for further analysis. Fusion detection was done using a module from the TopHat aligner, called TopHat-Fusion. Raw and normalized gene and exon counts were generated by FeatureCounts, which used the ENSEMBL GRCh38.78 gene definitions. Finally, the RSeQC module created a variety of QC plots and graphs, which ensured that the quality of samples was good and reliable to be used in further downstream analyses like differential expression and pathway analysis. The R-based tool from Bioconductor, edgeR v3.8.6, was used to perform the differential expression analysis comparing the various sample groups. We considered genes in mRNA that had an absolute log 2 fold change >1.5 to be significantly differentially expressed. Heatmaps were created using the heatmap.2 function of the gplots package from R. The original RNA-seq data were deposited at NCBI Gene Expression Omnibus (GEO) website with the accession number GSE111981 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE111981).
Immunochemistry staining of melanoma tissues. Paraffin-embedded tissue sections were cut into 5-μm sections and deparaffinized in xylene and rehydrated in a graded series of alcohols. Antigen retrieval was performed by heating tissue sections in Target Retrieval Solution pH 6.0 (Dako, S1699) at 98°C for 30 minutes. Sections were cooled on the bench for 20 minutes, washed in running DH 2 0 for 5 minutes, and incubated for 5 minutes in wash buffer. Sections were blocked for 5 minutes with Endogenous Peroxidase Block (Dako, S2001), washed, and blocked for 5 minutes in Protein Block Serum Free (Biocare Medical, X0909). Slides were incubated for 1 hour in mouse monoclonal anti-human granzyme B (Dako, M7235) diluted 1:50 in Antibody Diluent with Background Reducers (Dako, 3022). Sections were washed and incubated 15 minutes each in mouse probe and mouse polymer alkaline phosphatase (AP) (Mach 3 Mouse AP Polymer Detection Kit, Biocare Medical, M3M532L). Sections were incubated for 5 minutes in Warp Red Chromogen (Biocare Medical, WR806H) for visualization. Subsequently, sections were incubated for 5 minutes in 80°C Citrate Buffer (pH 6), rinsed in wash buffer, and incubated in Protein Block Serum Free for 5 minutes. Rabbit antihuman CX3CR1 (Invitrogen, PA5-32713) was applied to sections at 1:500 dilution and incubated for 1 hour at room temperature. Sections were washed and incubated for 15 minutes each in rabbit probe and rabbit polymer HRP (Mach 3 Rabbit HRP Polymer Detection kit, Biocare Medical, M3R531L) and were visualized for 1 minute in DAB (Biocare Medical, BDB2004L). Sections were counterstained and coverglass mounted with Permount (Thermo Fisher Scientific). All chemicals used from Fisher Scientific.
Stimulation and culture of human T cells. Human CD8 + T cells were purified with human CD8 + T cell enrichment Kit (Stemcell Technologies). CD8 + T cells were incubated with chemotherapy drugs alone or with T cell activators (Dynabeads, human T-activator CD3/CD28 beads) for 24-48 hours, followed with staining for CX3CR1 and granzyme B. The drugs are as follows: paclitaxel, carboplatin, or Dox. All these reagents are purchased from the Mayo Clinic pharmacy. ABCB1 inhibitor PGP4008 was purchased from Enzo Life Sciences.
Drug efflux assay in T cells. Human primary CD8 + T cells were isolated from peripheral blood and incubated (loading) with Rh123 (10 μg/ml) on ice for 30 minutes or Dox (1 μg/ml) at 37°C for 60 minutes in water bath. After the loading process, cells were washed and cultured at 37°C for 60 minutes (efflux), followed with staining for cell-surface markers and analysis by flow cytometry. The ABCB1 inhibitor PGP-4008 was added at 1-5 μM during the process of efflux.
Animal models for CIT. Both WT and CX3CR1-KO mice in C57BL/6 background were purchased from the Jackson Laboratory, PD-1-KO mice were provided by T. Honjo (Kyoto University, Kyoto, Japan) and maintained under pathogen-free conditions in the animal facility at Mayo Clinic Comparative Medicine Department. B16F10 (1 × 10 5 cells) mouse melanoma cells were s.c. injected into mice in the right flank, followed with treatment of i.p. injection of anti-PD-1 (clone G4) and PD-L1 antibody (clone 10B5) (52) or control IgG at 100 μg of each starting on day 7 for a total of 5 doses at 3-day intervals. Both G4 and 10B5 antibodies were produced at Mayo Clinic Antibody Core facility. Carboplatin (40 μg/g) plus paclitaxel (10 μg/g body weight) were injected i.p. once either on day 7 or on day 10 after tumor injection. CTL function of tumor-infiltrating CD8 + T cells was measured by briefly stimulating them with PMA and ionomycin (MilliporeSigma) for 5 hours in the presence of anti-CD107a antibody (clone 1D4B, catalog 121606, BioLegend) followed with intracellular staining of anti-IFN-γ antibody (clone XMG1.2, catalog 505808, BioLegend). Perpendicular tumor diameters were measured using a digital caliper (Carbon Fiber Composite, Fisher Scientific), and tumor sizes were calculated as length × width. Tumor growth was evaluated every 2-3 days until ethical endpoints, when all mice were euthanized in compliance with animal care guidelines.
T cell transfer therapy. Spleen cells isolated from OT-1 mice that express OVA-antigen-specific TCR were cultured with OVA peptide (1 μg/ml) and rhIL-2 (10 IU/ml) for 48 hours. Both CX3CR1 + and CX3CR1 -CD8 + T cells were sorted after culture on the day of T cell transfer. Once B16-OVA mouse melanoma established around day 7 after tumor cell injection (5 × 10 5 cells per mouse, s.c.), they were treated with intratumor injection of either CX3CR1 + or CX3CR1 -CD8 + T cells at equal numbers (2 × 10 5 to 3 × 10 5 T cells per mouse) for a total of 3 doses on days of 7, 10, and 13 after tumor injection.
Statistics. Mann-Whitney U test was used to compare independent groups (function or subsets of CD8 + T cells). Two-tailed paired t test was used to compare PD-1 expression between CX3CR1 +/-T cells. The impacts of both chemotherapy or anti-PD-1/L1 antibody on tumor growth were analyzed by 2-way ANO-VA. Comparisons of the impact of ABCB1 inhibitors and timing on the efflux of drug were analyzed with 1-way ANOVA due to the numerical independent variables. The survival of animals was analyzed by logrank Mantel-Cox test. All statistical analyses were performed using GraphPad Prism software 7.0 (GraphPad Software Inc.). P < 0.05 was considered statistically significant.
Study approval. The Mayo Clinic ACUC approved all animal experiments. Human blood leukocytes were acquired from anonymous donors from the Blood Transfusion Center at Mayo Clinic who had consented for blood donation. All patients provided signed informed written consent; the study was approved by the Mayo Clinic Rochester IRB and was conducted according to Declaration of Helsinki principles.
Author contributions
HD, YY, RSD, and SNM conceived the study, designed the experiments and analyzed data. YY, RSD, ASM, AAA, SNM, and SSP directed and supervised the clinical studies. SC, XL, WEB, HD, JSJ, and SMH performed the experiments. PC, YL, and JJ performed bioinformatics analyses. YY, RSD, and HD wrote and edited the manuscript with contributions from other authors.
